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Abstract. We study an extension of the gauge group SU{3)c <8) SU{2)l (8) U{1)y 
of the standard model to the symmetry group SU{3)c <8) 5[/(4)l ® U{l)x (3-4-1 for 
short). This extension provides an interesting attempt to answer the question of family 
replication in the sense that models for the electroweak interaction can be constructed 
so that anomaly cancellation is achieved by an interplay between generations, all of 
them under the condition that the number of families must be divisible by the number 
of colours of SU{3)c- This method of anomaly cancellation requires a family of quarks 
transforming differently from the other two, thus leading to tree-level flavour changing 
neutral currents (FCNC) transmitted by the two extra neutral gauge bosons Z' and 
Z" predicted by the model. In a version of the 3-4-1 extension, which does not contain 
particles with exotic electric charges, we study the fermion mass spectrum and some 
aspects of the phenomenology of the neutral gauge boson sector. In particular, we 
impose limits on the Z — Z' mixing angle and on the mass scale of the corresponding 
physical new neutral gauge boson Z2, and establish a lower bound on the mass of the 
additional new neutral gauge boson Z" = Z3. For the analysis we use updated precision 
electroweak data at the Z-pole from the CERN LEP and SLAG Linear Collider, and 
atomic parity violation data. The mass scale of the additional new neutral gauge boson 
Z3 is constrained by using updated experimental inputs from neutral meson mixing 
in the analysis of the sources of FCNC in the model. The data constrain the Z — Z' 
mixing angle to a very small value of 0(10"^), and the lower bounds on and on 
are found to be of 0(1 TeV) and of 0{7 TeV), repectively. 
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1. Introduction 

The number of fermion families in nature is one of the most intriguing puzzles in 
modern particle physics. Two possible scenarios for its solution have been proposed 
which relate the number of generations to cancellation of chiral anomalies. In one 
of them anomalies constrain the number of generations provided their cancellation 
takes place in an SU{3)c ® SU{2)l ® U{1)y theory that lives in a six-dimensional 
spacetime [1]. In the other one the standard model (SM) is extended either to the 
gauge group SU{3)c®SU{3)l^U{1)y (the 3-3-1 model) [2l[3] or to the gauge symmetry 
SU{3)c ® SU{4:)l ® U{1)y H El El m El El [in], with anomalies cancelling among the 
families (three-family models) and not family by family as in the SM. In the 3-3-1 
extension this happens only if we have an equal number of left handed triplets and 
antitriplets (taking into account the colour degree of freedom). Correspondingly, an 
equal number of 4-plets and 4*-plets is required in the 3-4-1 extension. As a consequence, 
the number of fermion families Nf must be divisible by the number of colours Nc of 
SU{3)c, being Nf = Nc = 3 the simplest solution. 

In this work we will be concerned with 3-4-1 three-family models which do not 
contain particles with exotic electric charges. The systematic analysis of the 3-4-1 gauge 
theory carried out in [HE] has shown that the restriction to fermion field representations 
without exotic electric charges allows only for eight different anomaly free models. Four 
of them are three-family models and can be classified according to the values of two 
coefficients b and c which appear in the most general expression for the electric charge 
generator in SU{A)l (g) U{l)x (see below). 

The allowed simultaneous values for these coefficients, under the condition of 
absence of exotic electric charges, are: b = c = 1 and 6 = 1, c = —2 [4]. Two of 
the four three-family models belong to the b = c = 1 class and have been studied in 
[3, [HI [7]. The other two models belong to the 6=1, c = — 2 class, and one of them 
has been partially analyzed in [8]. The other one, the so-called Model F in |1], has not 
been yet analyzed in the literature and will be studied in this work. These two classes 
of models differ both in their gauge and scalar boson sectors. So their also differ in their 
phenomenological implications. 

One additional motivation to study the 3-4-1 theory comes from the fact that it 
has been recognized as a natural scenario for the implementation of the little Higgs 
mechanism [H]. Even though we will not be concerned here with this alternative 
proposal to solve the so-called hierarchy problem, we notice that in the simplest little 
Higgs scenario the SM gauge group is enlarged to SU{3)l®U{1)x- This model, however, 
lacks a quartic Higgs coupling which can be generated in a SU{4:)l ® U{l)x extension 
|llj . The complete anomaly-free fermion sector for these two little Higgs models has 
been studied in detail in [12], with direct generalization to SU{N)l<^U{1)x with > 4 
(at present, however, there is not motivation to go beyond = 4). Conspicuously, in 
the little Higgs scenario both the 3-3-1 extension and the 3-4-1 one are three-family 
models in which all the exotic fermion fields have only ordinary electric charges, and 
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the complete anomaly-free fermion content obtained in [12] exactly coincides with the 
one obtained in [3] and 

3-4-1 models containing exotic electric charges have been also considered in the 
literature [U [10]. In this particular embedding of the SM gauge group into 

SU{3)c ® SU{4)l ® U{l)x depends on the physical motivation of the model to be 
constructed. The model in [9], for example, has been proposed with the goal of including 
right-handed neutrinos in the fermion spectrum from the start. The supersymmetric 
extension of the 3-4-1 theory has also been explored |13j . 

The enlargement of the electroweak symmetry to SU{4:)l ® U{l)x leads to the 
prediction of two extra neutral gauge bosons Z' and Z" which, in general, mix up with 
the known Z boson of the SM. In models without exotic electric charges this mixing can 
be constrained to occur between Z and Z' only, which leaves Z" = Z3 as a heavy mass 
eigenstate O El El [H] . The diagonalization of the Z — Z' mass matrix produces a light 
mass eigentate Z'l, which can be identified as the neutral gauge boson of the SM, and 
a heavy Z2. After the breakdown of the 3-4-1 symmetry down to 5'[/(3)c ® U{1)q, and 
since we have one family of quarks transforming differently from the other two under the 
gauge group, one important difference between the aforementioned two classes of three- 
family 3-4-1 models appears: even thought in both classes of models the Zi current is 
flavour diagonal, in the b = c = 1 class the new Z2 gauge boson couples nondiagonally to 
ordinary quarks thus transmitting tree-level FCNC at low energies, while the couplings 
to Z3 are flavour diagonal. In the b = 1, c = —2 class, instead, it is the new Z^ gauge 
boson the responsible for this effect because couples nondiagonally to ordinary quarks, 
while the Z2 current remains flavour diagonal. 

As already mentioned, in this paper we will study a 3-4-1 model which belong to the 
6=1, c = —2 class. By using precision electroweak data at the Z-pole and atomic parity 
violation data, and by implementing a more appropriate computational approach than 
the one used in previous works, we do a fit to low energy data in order to set bounds 
on the Z — Z' mixing angle and on the mass of the new Z2 gauge boson. Moreover, for 
the first time in the context of the 6=1, c = —2 class of models, we obtain a lower 
bound on the mass of the new neutral gauge boson Z3 by using updated experimental 
data coming from neutral meson mixing. The numerical approach used also allow us to 
perform a comparison between the predictions of the 3-4-1 model considered here and 
the predictions of the SM for a set of 22 low energy electroweak observables, an issue 
that, to the best of our knowledge, has not been previously addressed. Since the two 
models in the 6=1, c = —2 class share the same gauge boson sector, the results we 
derive here correct, update and complete the ones obtained in |5]. In particular we show 
that the previous limits on the Z2 mass are incorrect. 

This paper is organized as follows. In the next section we introduce the model 
we are interested in by describing its anomaly- free fermion content, the scalar sector, 
and the mass spectrum in the gauge boson and fermion sectors. In section [3] we study 
the charged and neutral currents, paying special attention to the mixing in the neutral 
current sector. In section H] we use electroweak precision measurements at the Z-pole, 
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atomic parity violation (APV) data and experimental results from FCNC, in order to 
constrain the Z — Z' mixing angle and the mass scale of the new neutral gauge boson 
Z2, as well as the mass scale of the Z^ gauge boson predicted by the model. In the last 
section we summarize our results and state our conclusions. 



2. The model and its mass spectrum 

Model F in |4j is based on the local gauge symmetry SU{3)c ® SU{4:)l ® U{l)x which 
contains SU{3)c ® SU{2)l ® U{l)x as a subgroup, and belongs to the b = 1, c = —2 
class, where b and c are parameters appearing in the expression for the electric charge 
operator in SU{4:)l ® U{l)x 

Q = aTsL + -^TsL + ^Ti5L + X/4, (1) 

where Tj^ = Xn/^, being Xn the Gell-Mann matrices for SU{4:)l normalized as 
Tr(AiAj) = 26ij, I4 = Dg{l, 1, 1, 1) is the diagonal 4x4 unit matrix, and a = 1 gives 
the usual isospin of the electroweak interactions. 

Its anomaly-free fermion structure has been already discussed in [1] and is given 
in Table [H where i = 1,2 and a = 1, 2, 3 are generation indexes. The numbers inside 
brackets correspond to the SU{3)c, SU{4:)l and U{l)x quantum numbers, respectively. 
Ui and f/3 are exotic quarks of electric charge 2/3, Di and D3 are exotic quarks of electric 
charge —1/3, while E~ and are exotic leptons. 

We assume the symmetry breaking chain 



SU{3)c(^SU{4)L^U{r 



X 



SU{3),®SUi3)L®Uil)z 



SU{3)c(E)SU{2)l^U{1) 



Y 



^ Sf/(3), ® f/(l)Q, (2) 

and we impose the hierarchy V~V>>t>~t>'~ 174 GeV. This task is done by the 
following four Higgs scalars with vacuum expectation values (VEV) aligned as 



(0^ ) = ( (0?, 0^ 0f ) ) = (v, 0, 0, 0) ~ [1, 4*, 1/2] , 

= ( (02", 02, 02°, C)) = (0,^',0,0) ~ [1,4*, -1/2], 
(0l) = ((03-,0^,03°,0r)> = (0,0, V,0) ~ [1,4*, -1/2], 
(01) = ( (02, 01, 0;+, 0;°) ) = (0, 0, 0, V) ~ [1, 4*, 1/2] , (3) 

We will see in what follows that this scalar structure provides masses for the gauge 
bosons and that, combined with a discrete symmetry, it is enough to produce a consistent 
mass spectrum for the charged fermion sector (quarks and leptons). 

In this model there are a total of 24 gauge bosons which include one gauge field 5^ 
associated with U{l)x, the 8 gluon fields associated with SU{3)c, and 15 gauge fields 
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Q^ 



iL 



D. 



iL 



[3,4* i] 



[3*,li] [3*,1,-|] [3*,l,~f] r,li] 



Q3L 



V U, J 



*3L 



D 



3L 



U: 



3L 



[3M,-|] [3*,l,i] [3*,l,i] 



[3*,l,-f] 



LaL — 



"ah 



El, 



[1,4,- 



[1,1,1] [1,1,1] 



associated with SU (4) l. For h 

as m 



1 and c 



-2, the latter can be written for convenience 



1 

V2 



( Dl 



•'V 



r+ 

12, L)^ 



(4) 



4m 



-3A^5 / 



12. The covariant derivative for 



where = /V2 + /VG + A'^^ / 

= -2A^ /v/6 + /VU and 
4-plets is given by 

tD^ = id^ - g^XLc^A^jl - gxXB^. (5) 

where g^ and gx are the gauge couphng constants of the groups S't/(4)i and f/(l)x, 
respectively. They obey the gauge matching conditions 



5-4 = 9, 



^ 1 1 1 
and — = — + —, 

9x 



where g and gi are the gauge coupling constants of the SU (2) l and U (l)y gauge groups 
of the SM, respectively. 

A straightforward calculation shows that, after the 3-4-1 symmetry is broken with 
= 1,...,4 and using the covariant derivative for 4-plets given in ([5]), the gauge 
boson does not mix with the other charged bosons and acquires a squared mass 
M^± = {gl/2){v'^ -\- f'^). All the remaining charged bosons in the off-diagonal entries 
in (jl]), namely: K^, V^, Y^, X^{X'^), and K^{K'^), acquire masses at the large scale 
V ~ v. We can then identify as the charged gauge boson of the SM. Hence, 
with gi = g and using the experimental value Myy = 80.428 ± 0.039 GeV [H], we get 
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In the neural gauge bosons sector, the massless photon and the massive bosons 
Z^, Z'^ and Z"^, are hnear combinations of the diagonal entries in (jl]) (for details see 
[5]). For the massive fields we have a 3 x 3 mass matrix in the basis [Z^ ^Z'^ ^Z"^\ 
In the case we are considering, that is ~ V^' and v' ~ w , the mixing between 
these three neutral gauge bosons simplifies. In fact, for this particular case the field 



Z"^ = ^J2/3A^ + A'^JVS = Z^ does not mix with the other two and acquires a squared 
mass Mfg = {gl/2){V^ + v^). This fact produces an enormous simplification in the 
study of the low energy deviations of the Z couplings to the SM families which come 
from the diagonalization of the mass matrix 

M - 3l ( ^^'^^ ^ (7) 



where 5 = gx/g^^ and Sw = + 1 and C\y are the sine and cosine of 

the electroweak mixing angle, respectively. The corresponding mass eigenstates are: 
Zi = Z^cosO + Z'^sm.9 and Z2 = —Z^^sinO + Z'^^cosO, where the mixing angle 6 
between Z and Z' is given by 

25'^ V C2W 

2 - (1 + s'^y + ^cty 



tan(2e) = V, , , (8) 



with C2W — — Sy^r- 

Concerning the fermion masses, in order to reduce the sources of FCNC in the 
model, we avoid mixing between ordinary and exotic fermions (which in turn avoids 
violation of the unitarity of the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix) 
by introducing an anomaly- free discrete Z2 symmetry [15]. We assign Z2 charges qz to 
the fields in the model as 

qziQaL, <L, C?aL, ^aL, e^^, 01, = 0, 

gz(t/aL,I)^i,i?:L,03,04) =1, (9) 

where a = 1, 2, 3 is a family index as above. 

It is easy to verify that the gauge invariance and the Z2 symmetry do not allow for 
Yukawa terms in the neutral fermion sector. Hence, the neutral leptons in Table [T]remain 
massless. Notwithstanding, their masses and mixing can be implemented by introducing 
Weyl singlets with zero X-charges: N^n ~ [IjIjO], n = 1,2,..., without violating the 
anomaly constraint relations. The appropriate implementation of masses and mixings 
can also require the enlargement of the scalar sector by including, for example, Higgs 
scalars belonging to the symmetric representation 10 of SU{A), as shown in [T6] . 

For the charged leptons we find the following Yukawa terms 
3 3 

= E E ^JlC[02/^^;34l + <l^3h^0E+,] + h.c, (10) 

a=l 13=1 

where again the h's are Yukawa couplings. From this equation we find a block diagonal 
mass matrix in the basis (ei, 62, 63, Ei, E2, E3), given by 
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(12) 



where the entries in the submatrices are 

M:^ = /.>' and M^^ = h^^V. 
For the quark sector, we identify the following Yukawa terms 

= E qIlC^ E h^ui, + 0t E htdi, + 0* E h'LKL 

1=1 a=l a=l a=l 

3 3 3 

+ 0: E h^D^L] + QIlC[<I>i E hl<L + 02 E hiJlL 

a=l a=l a=l 

3 3 

+ 04 E hlKL + 03 E hf^D^L] + h.c, 

a=l a=l 

where the h's are Yukawa couplings and C is the charge conjugation operator. From this 
Lagragian we get, for the up- and down-type quarks in the basis (mi,M2,M3, Ui, U2, t/3) 
and {di, c?2, d^, Di, D2, -D3), respectively, 6x6 block diagonal mass matrices of the form 



(13) 



uU 



^3^x3 







and MdD 



ML, 





^3^X3 



(14) 



where 



( hl^v' 



\ '^3: 



31^ 
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V 

hiiV 
hj-^v' 



h'i^v' 



h2iv' h^r,v' 



22' 
hl^v 



hl^v ) 



12'- 



V 



"-22^ 
hi^v' 



'ns 
hi^v 



M 



D 



( h^iiV 
h^iV 

I h^iV 
hgV 



hY^v hY,v \ 



hVoV 



hgV 



hgV 
hgV 



13 ' 

h^^V 

hgV \ 
hgV 
hgV 



(15) 



(16) 



These mass matrices show that all the charged fermions in the model acquire masses 
at the three level, and that all the ordinary fermions get masses at the low scale v' ~ v, 
while all the exotic fermions acquire masses at the high scale V ~ V. The unitarity 
of the CKM mixing matrix is guaranteed because the tensor product form of the mass 
matrices M^u and M^d in dED implies that they are diagonalized by unitary matrices 
which are themselves tensor products of unitary matrices. 



3. Currents 



3.1. Charged currents 

The charged currents Lagrangian looks like 



-^xir^, + Kir^,) + h.c., 



Y+ T/^ 
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where the currents are 

2 3 

i=l a=l 
2 3 

i=l a=l 
2 3 

= UsL^dsL - E^^i7^AL + E ^aL7^e-^, 

i=l a=l 
2 3 

J^^ = UslY'D^l - E U^LrD,L + E ^'^L^E-L, 

2 3 

J^o = UslYUsL - E D^L^d^L + E '^ciT^A^aL, 
i=l a=l 
2 3 

Jj^o = d3L7" Al - E ^^i7^«.L + E ^aLl'KL- (17) 
i=l a=l 

5.^. Neutral currents 

The Lagrangian for the neutral currents J^(EM), Jf^iZ), Jf^{Z'), and Jn{Z") is written 
as 

- ^ eA'^J^(EM) + ((?4/ay)Z'^J^(Z) + gxZ"'J^{Z') 

+ g,/{2V2)Z"J,{Z"), (18) 



with 



2 - 2 _ 

J^(EM) = -[M37;iM3 + Us-f^Us + \Jua^Ui + t/'i7;it/'i)] 

1 - - ^ - 

- o [^37mC^3 + ^37m^3 + El^i^^C^i + A7mA)] 

3 

- E(ea7Mea +^a7M^a) 
a=l 

= E?//7m/, (19) 
/ 

Jm(^) = Jy^A^) - '^^'//.(EM), (20) 
J^(^') = Jm,l(^') - ^^^^/.(EM), (21) 



JfAZ") = Yi-diL-y^diL - UiL^i^UiL + UiL^^jUiL + DiL-f^,DiL) 
i=l 

3 

+ E i^aLlf^l^aL + KlI^^^Il " KlI^Kl ' KlIMl) , (22) 



a=l 



where e = (/Su' = QxCwy^ ~ T^r > 0, and qf is the electric charge of the fermion / in 
units of e. Note that J^iZ") is a pure left-handed current and that, notwithstanding the 
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neutral gauge boson Z'^ does not mix neither with nor with Z'^ (for the particular 
case \^ ~ l^' and v ~ v'), it still couples nondiagonally to ordinary fermions. As a 
matter of fact, its couplings to the third family of quarks are different from the ones 
to the first two families. Thus, at low energy, we have tree-level FCNC transmitted by 
Z'^. This is in contrast with the b = c = 1 class of 3-4-1 three-family models where the 
tree-level FCNC are transmitted by the Z'^ gauge boson. 

The two neutral left-handed currents in J^{Z) and J^{Z') are given by 
1 _ 2 

J^,,l{,Z) = -[u3Lli,U3L - dsLli^dsL " Y^diL-^ f^dn - UiLlf/Uii) 

1=1 

3 

+ i^aLlf^i^aL " e-L-f^,e-L)] , (23) 

a=l 

2 

+ UsLl^UaL - Yi'^wdiLlt^diL - T^UiLl/iUiL 

1=1 

3 

a=l 

- T^e-Ll,e-L - KlI.Kl + KlI.Kl)] ■ (24) 

Since J^{Z) is the generalization of the neutral current of the SM, we can identify Z^ as 
the neutral gauge boson of the SM. From (12^ we realize that the neutral gauge boson Z'^ 
does not transmit FCNC at low energy because couples diagonally to ordinary fermions. 

The couplings between the fermion fields and the mass eigenstates Zf, Z2 are 
extracted from the second and third terms in flTSl) written in the V — A form 

- ^z?,z, = 7^YZti: {/V [9{f)^v - 9{fU7'] /} , (25) 



where 



9{f)iv = cos9 (Tif - 2qfS^) + — sin6' (T^fCw - 2qfSw 

^ 9i 



9{f)iA = cos 6^4/ + —sinOT^fCw, 

9i 



9Uhv = - sin 6* (T4/ - 2qfS^) + —cos9(T^rCw - 2qfSw 
^ ^ 9i 

9{f)2A = - smOT^f + ^coseTifCw. (26) 

fl'4 

Here, T^f = Dg{l/2, —1/2,0,0) is the third component of the weak isospin and 
Tij = {l/2Tw)Dg{T^,-T^,-l,l) = Tw\^/2 + (1/Th.)(A8/(2v^) - Ais/v^). The 
expresions for g{f)iv, 9{f)iA-, i = 1,2 for all the fermions in the model are listed in 
Tables |2] and [31 where T = 1/ y^l — 25*^. From these Tables we see that the couplings 
are family-universal. This is a direct consequence of the fact that, according Table [H 
the three families of quarks have the same hypercharge X. 
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Table 2. The — > ff couplings. 

/ 9{f)iv g{f)iA 

ui,2,3 (^i - ^) cos6'- ^^sin6l i (cos 6* + Tfi-^, sin 6*) 

di,2,3 (^-i + ^) COS6I+ ^sin6l (cos6l + TS'|i^sin6') 

£"1.2,3 ^cos6i+^(-3C^+45^)sin6l -iTC^sin6l 

f/i,2,3 -^cos0+X (3C^_85^)sin0 iTC^^sin^ 

z^i,2,3 i COS 6*+ 1 5^ sin 6* i (cos 6i + TS-^, sin 6*) 

6^23 (- i + 252^) cos 61 +^S'2, sine -i (cos6l + TS'2,sin6') 

i?i;2_3 252^cos0 + ^(-C2,+45^)sin^? -iXC^^sin^ 



Table 3. The — > // coupHngs. 

/ 9{f)2V g{f)2A 

Mi,2,3 -[\-^^sme~^^^^cose i (-sin 61 + TS-^, cos 61) 

di,2,3 -(-i + 2:fi^)sin0 + ^cos6i -i (- sin 61 + TS-^, cos 6l) 

Di^2,z -^sin0 + |^(-3C^ + 45^)cos0 -iTC^cosfl 

f/1,2,3 sine + ^(3^2, -8^2^) cos iTC^^cos^ 

1^1,2,3 -isin6'+ ^S'^cos6' i (- sin 6* + TS"^ cos 6*) 

6^2 3 -(- i + 2S'2,) sin 61 + ^S'2, cos 61 -i (- sin6i + TS'^, cos6i) 

^^i:2,3 -25^sin0 + X(_C^. + 452^)cos0 -iTC^^cosfl 

iVi,2,3 |C^cos0 iTC2,cose 



Note that in the hmit ^ the couphngs of to ordinary quarks and leptons 



are the same that in the SM. This will allows us, in the next section, to test the new 
physics predicted by the 3-4-1 extension we are studying. 

4. Low energy constraints on the parameters of the model 

4.1. Bounds on Mz^ and 9 from Z-pole observables and APV data 

To get bounds on the parameter space {6 — Mz^) and to test the model by low energy 
data, we use electroweak observables measured at the Z-pole from the CERN e^e~ 
collider (LEP), SLAG Linear Collider (SLC), and atomic parity violation data which 
are given in Table H] [H] . Let us start by briefly describing each one of the observables 
in the Table. 

The expression for the partial decay width for the gauge boson to decay 
into massless ordinary SM fermions //, including the electroweak and QCD virtual 
corrections is given, in the on-shell scheme, by [HI [IZj 

r(Zr ^ //) = i p^|^_[^(/),^] 
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+ P'[g{f)lA?}{l + 5/)i?Ewi?QCD. (27) 

In the modified minimal substraction (MS) scheme, which we use through 
this section, the normahzation is changed according to GfM'^_^/(2^/2-k) 
a/lAsin^ ew{Mz,) cos"^ Ow{Mz,)]. In ([27]), is the physical gauge boson observed at 
LEP, Nc = 1 for leptons while for quarks Nc = 3(1 + a./vr + lAOba^n^ - 12.77a3/7r3), 
where the 3 is due to colour and the factor in parentheses represents the universal part of 
the QCD corrections for massless quarks. -Rew are electroweak corrections which include 
the leading order QED corrections given by -Rqed = 1 + 3ag?/(47r). -Rqcd are further 



QCD corrections, and (3 = y 1 — 4mj/M|^ is a kinematic factor which can be taken equal 
to 1 for all the SM fermions except for the bottom quark. The parameter p/ is written 
as p/ = 1 + Pi where pt = SGprnf / (87r'^\/2) with rrit being the top quark pole mass. 
Universal electroweak corrections are included in pt, and in the coupling constants g{f)iv 
and g{f)iA of the physical field with ordinary fermions which are written in terms of 
the effective electroweak mixing ang le Si, = KfS^ ^ (1+pt/T^)^^. In the MS scheme, 
pj ~ 1 and ~ 1 for / 7^ b, while p^ ~ 1 — (4/3)pf and ~ 1 + (2/3)pt. The factor 6f 
contains the one loop vertex contribution which is negligible for all fermion fields except 
for the bottom quark for which the contribution coming from the top quark at the one 
loop vertex radiative correction is parametrized as 6b ~ 10~^[— m^/(2M|J + 1/5]. In 
the MS scheme this correction is included in pb and Kb- 
The total hadronic cross-section is 
_ 127r r(e+e-)r(had) 
""^^•^ - Ml f| ' ^^^^ 

where Tz is the total width for — > //. 

The ratios of partial widths are defined as 

^'^f^ for / = e,p,r, (29) 

and 

The forward-backward asymmetries at the Z-pole are given by 

4(0,/) _ 3. . , . _ 2^(/)iy^(/)iA .01 N 

- -,AA,. where A, - (31) 

(/ = e, p, r, s, c, b), which are also written in terms of S^. 

The 3-4-1 new physics effects on the SM observables listed in the first column of 
Table [5] are obtained by noticing that, with the assumed hierarchy V » v and from 
([8]), the Z — Z' mixing angle is expected to be very small so, cos^ = Vl — sin^ 9 ~ 
1 — (l/2)sin^6' ~ 1, and the coupling constants g{f)iv and g{f)iA of the physical 
gauge boson to ordinary fermions can be written as (remember that in the limit 6^0 
these couplings are the same as in the SM) 

9{f)iv,A = 9if)w.A + S9{f)iv,A, (32) 
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Table 4. Experimental data and SM values for the observables used for the fit. 





Experimental results 


SM value 


1 z 


2.4952 ± \j.\)0l6 


O /lAr'O 1 A AA1 A 

2.49o8 ± 0.0010 


i (^nau j [KjQ V J 


1 7/1/1/1 -1- n nnon 
1. / It u.uuzu 


1 7/1 "?/! -1- n nm n 

1. / 4o4 It U.UUIU 


Yn+, ^ fMeVl 

^ {1 + 1} [^^^^ V J 


83 984 ± 086 


83 988 ± 016 


Chad fnbl 


41.541 ±0.037 


41.466 ±0.009 


Re 


20.804 ±0.050 


20.758 ±0.011 




20.785 ± 0.033 


20.758 ±0.011 


Rr 


20.764 ±0.045 


20.803 ±0.011 


Rb 


0.21629 ±0.00066 


0.21584 ±0.00006 


Rc 


0.1721 ±0.0030 


0.17228 ±0.00004 


.(0,e) 
FB 


0.0145 ±0.0025 


0.01627 ±0.00023 




0.0169 ±0.0013 




FB 


0.0188 ±0.0017 




^FB 


A nQQ9 + n nm r 




FB 


0.0707 ±0.0035 


0.0738 ±0.0006 


^FB 


0.0976 ±0.0114 


0.1034 ±0.0007 




0.15138 ±0.00216 


0.1473 ±0.0011 


A, 


0.142 ±0.015 




Ar 


0.136 ±0.015 




Ab 


0.923 ±0.020 


0.9347 ±0.0001 


Ac 


0.670 ±0.027 


0.6678 ±0.0005 


As 


0.895 ±0.091 


0.9536 ±0.0001 


Qw{Gs) 


-72.62 ±0.46 


-73.16 ±0.03 



where the expressions for 5g{f )iy^A depend hneary on sin 6' and can be easily read from 
Table H 

To facilitate the numerical analysis we express the changes in the physical 
observables relative to their SM values as HE] 



034i^OSM(i^^^)^ where = (33) 

with being the SM value for the observable O, including the one- loop SM 

corrections, and with 50 representing the corrections due to new physics. Equation 
(!33|) allows us to quickly assess the percentage changes in the SM observables brought 
about by the various 3-4-1 corrections. 

For the observables in Table HI and taking into account from Table [2] that the 
couplings g{f)iv and g{f)iA are family universal, the several 6o are given by 

J- z 

5had = ^Rl'^Su + i^r^b + 2^5d, (35) 

had 

= 4ad + 5/ - 2(5z, (36) 
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where, for / 7^ 6 



9{mSg{f),v + 9{f)!V9{f) 



lA 



{9if)r'' 



nv. 



{9{f)r'' 



HA . 



and for the bottom quark 



(3 - (5^)g{hfd^bg{h\y + 2(5^g{hf^8g{h) 
'-^{9{hf^Y ^ n9{hf^Y 



\A 



13 

(37) 

(38) 
(39) 



The tree-level contribution to the partial decays due to the Z — Z' mixing 
is included by multiplying ViZ^ ff) in fl271) by the factor 1 + py, where pv ~ 
(Ml/Ml -1) sin' e. 

The theoretical value for the effective weak charge for the Cesium atom is given by 

m 



Qw (Cs) = g^^(Cs) + AQw = g^^(Cs 



SM/ 



Sr 



where 



AQ 



w 



Z 1 + 4: 



C4 



002 



N 



pv + ^Q'l 



w 



(40) 



(41) 



with 



AQ'y^ = 16[(2Z + N){g{e)iAg{u)2v + 9{e)2A9{u)w) 
+ (Z + 2N){g{e)iAg{d)2v + 9{e)2A9{d)iv)] sin^ 
- IQ[{2Z + N)g{e)2Ag{u)2v 



+ {Z + 2N)g{e)2A9{d) 



2V\ 



Ml' 



(42) 



Z and are, respectively, the number of protons and of neutrons in the nucleus of the 
considered atom. For the Cesium: Z = 55 and = 78. 

Clearly, AQw accounts for the contribution of the new physics. Notice that AQ'^r 
is model dependent; in particular, it is a function of the couplings g{q)2V and g{q)2A 
(g = u, d) of the first family of quarks to the new neutral gauge boson Z2. Because of 
this, the new physics in AQ'y^ depends on which family of quarks transforms differently 
under the gauge group. 

For the partial decays in ( 134|) we use [Hj 

r^^^ = 300.10 ± 0.09 MeV, F^^ = 167.18 ± 0.02 MeV, 

F^^ = 382.89 ± 0.08 MeV, F^^ = 83.97 ± 0.03 MeV, 

F^^^ = 376.01 ± 0.05 MeV. (43) 

With the 3-4-1 predictions written in the form (!33|) . we need the following well 
measured input parameters [H]: Gp = 1.166367(5) x 10"^ GeV, Mz, = 91.1874±0.0021 
GeV and rrit = 170.9 ± 1.9 GeV. For Sw we use the value sin^ 6*1^(^21) = ^1 = 
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Table 5. 3-4-1 model predictions for the observables in Tabled] The third column 
shows the percentage change in these observables relative to their SM values. 



3-4-1 model 


Value 


Percentage change 


r™[i + 


[GeV] 


2.4979 ± 0.0010 


0.045 


r™(had)[l + 5had(l + py)] [GeV] 


1.7440 ±0.0013 


0.034 


T^SM n 


4- ();(1 4- pv)\ [MeVJ 


84.037 ±0.016 


0.058 




- 5,,) [nb] 


41.467 ±0.0217 


0.003 


i?™(l 4 


- <5had — Se) 


20.753 ±0.015 


-0.024 




- <5had — 


20.753 ±0.015 


-0.024 


R^^{1 4 


- <5had ^ Sr) 


20.798 ±0.015 


-0.024 




- Sb — Shad) 


0.21585 ±0.00012 


0.006 


i?c (1 4 


- 5c — Shad) 


0.17226 ±0.00009 


0.010 


.(0,e)SM 
^FB 


(1 + 25 A J 


0.01577 ± 0.00022 


-3.05 


,(0,m)SM 
^FB 


[I + Sa.+SaJ 


0.01577 ± 0.00022 


-3.05 


,(0,r)SM 
^FB 


{1 + Sa^+SaJ 


0.01577 ±0.00022 


-3.05 


,(0,b)SM 
^FB 


{I + Sa.+SaJ 


0.1017 ±0.0007 


-1.54 


.(0,c)SM 
^FB 


(1 + Sa,+SaJ 


0.0726 ±0.0006 


-1.67 


-(O.s)SM 
^FB 


{1 + Sa,+SaJ 


0.1018 ±0.0007 


-1.54 


Af{\ 4 


-SaJ 


0.1450 ±0.0011 


-1.52 


A™(1 4 




0.1450 ±0.0011 


-1.52 


Af{\ 4 


-5 a.) 


0.1450 ±0.0011 


-1.52 


Af^il 4 


-SaJ 


0.9345 ±0.0001 


-0.02 


A™(1 4 


-SaJ 


0.6668 ±0.0005 


-0.15 


Af^il 4 


'SaJ 


0.9534 ±0.0001 


-0.02 


Q™(Cs)[l-f<5Q„,] 


-72.71 ±0.03 


-0.61 



0.23119 ± 0.00014 in the MS scheme because is less sensitive to than its value in the 
on-shell scheme, and for the bottom quark mass we use the running mass in the MS 
scheme at the scale: mb{Mz,) = 2.67 ± 0.19 GeV [22]. 

By using g{e)iA and g{q)iv, i = 1,2 from Tables [2] and [3l and taking the third 
generation as the one transforming differently under SU{4:)l ® U{l)x, the value we 
obtain for AQ'^^ is 

Ag'^^ = 399.51 sin 6 - 96.65^. (44) 

Using the experimental values for the Z-pole observables in Table [Hand with AQw 
in terms of new physics in f l4ip . we do a fit of the theoretical expressions in Table O 
to the data and find the best allowed region in the {6 — M^j) plane at 95% confidence 
level (C.L.). This region is shown in Figure [1] which provide us the constraints 

- 0.00034 < < 0.00294, 0.802 TeV < M^^. (45) 

The fit has a x^/d-o.f. of 17.7/20, corresponding to a probability of 60.7%, and the 
best-fit values are: 6 = 0.00120, Mz^ = 6.205 TeV. 

We have evaluated the effect of the uncertainty in s| on the constraints in (H5|) . 
because this is the most correlated input parameter. To this purpose we have left s| 



Phenomenology of a three-family model with 3-4-1 gauge symmetry 



15 




I 1 1 1 1 1 

-10 12 3 4 

e{xio"^) 

Figure 1. Contour plot displaying the allowed region for 6 vs at 95% C.L. from 
LEP, SLAC Linear Collider and APV data. The cross locates the best fit values 

free to vary in the fit subject to the constraint s| = 0.23119 ± 0.00014. In this case the 
bounds change to 

- 0.00064 < ^ < 0.00316, 0.780 TeV < M^^, (46) 

where the second one represents a percentage change, relative to the hmit in (H5l) . of 
only 2.74% in the lower bound on Mz2- 

As we can see, the lower bounds on are compatible with the bound obtained 
in pp collisions at the Fermilab Tevatron [23] . 

Here we point out that the bounds in (l45ll correct the bounds —0.0032 < 9 < 0.0031 
and 0.67 TeV < Mz^ < 6.1 TeV obtained in [5]. The latter are incorrect because do 
not satisfy Mz2 — > oo in the limit 9 —>■ 0, that is, an upper bound of 6.1 TeV must not 
occur. 

Using the best-fit values for 9 and M^j, we calculate the 3-4-1 model predictions for 
the electroweak observables in Table H] and the percentage changes in these observables 
relative to their SM values. As a first approximation we neglect correlations between 
the uncertainties of the input parameters and use standard error propagation. This 
is partially justified because the errors which enter in the expressions for the 3-4- 
1 predictions are of different status and, therefore, there is no clean way of exactly 
calculating the errors. The results are shown in Table [5l Notice that, except for 
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the forward-backward asymmetries and the obsevables A^, and A^-, the other 
percentage changes are at the per-mille level and even lower. In any case, no substantial 
improvement to the SM fit is observed. 

We remark that, since in this model only SU{2)l scalar singlets and doublets 
develop VEV, the Z — Z' mixing contribution to the p parameter is such that pv « 1- 
This, together with the fact that all the 3-4-1 model corrections 60 to SM observables 
go to zero in the limit (M^/ oo), justifies our fitting procedure in which we 

treat the new physics effects as small corrections to the well established SM results |24j . 

As already mentioned, the bounds in fH5l) are obtained assuming that is the third 
generation of quarks the one transforming differently under SU{'i)L ® U{l)x- Notice 
however from Table [1] that, as remarked above, the three quark families have the same 
hypercharge X with respect to the U{l)x subgroup. As a result, the couplings g{f)iA 
and g{f)iv, i = 1, 2 of all the fermion fields to Zi and Z2 are family universal, which in 
turn implies that for this model the constraints in (H5l) do not depend on which family 
of quarks transforms differently. 



4-2. Bounds on Mz^ from FCNC processes 

After eliminating the source of FCNC associated to the mixing between ordinary and 
exotic fermions by the introduction of the discrete Z2 symmetry, there remains two 
sources of FCNC in the model. The first one is identified by noticing that, since each 
flavour couples to more than one Higgs 4-plet, there are FCNC coming from the scalar 
sector. Because this contribution depends on the large number of arbitrary parameters 
in the scalar potential, is not very useful to constrain the model and we will ignore 
it. The second source, which is also the only one if we neglect the scalar contribution, 
comes from the left-handed interactions of ordinary quarks with the neutral gauge boson 
Z" which, as we already know, are flavor nondiagonal. For their study we will follow 
the analysis presented in [25l [26] where bounds coming from neutral meson mixing are 
obtained in the framework of the so-called "minimal 3-3-1 model". 

From the charge generator in ([1]), the value of the Y hypercharge of the SM is 
obtained as: Y/2 = Tsl/VS-2Ti5l/V6 + X. Using this expression, the couplings of Z" 
to left-handed quarks in can be written in a more convenient fashion for 4-plets as 

= -^Z;r{Z") = -j^Z;j:frT,P,f, (47) 

where Pl is the left-handed projection operator and = V^Tg,^ + Tis^. 

Since the value of the operator is different for 4-plets than for 4*-plets, the 
flavour changing interaction can be written, for ordinary up- and down-type quarks q' 
in the weak basis, as 

J^(Z")fcnc = E?V[Tl(4) - Ti(4*)]Pz.g'. (48) 
q' 
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From (jUD and (HHD we get 

£(Z")fcnc = -^^3" E ^%Pl<i'- (49) 

Using (1^9!) we will deduce constraints on the mass coming from experimental 
data in the - K^, B'^ - B^, 5° - 5° and - systems. To this purpose 
we recall that the mass matrices M" and M'^ in (1151) and (ITB]) are diagonalized by 
biunitary transformations U^r and Vl,/?, respectively, with Vckm = f^l^ being the 
CKM mixing matrix. Then, in terms of mass eigenstates, ( H9|) produces the following 
effective Hamiltonian for the tree-level neutral meson mixing interactions 

nir^ = V2G^Cl. {VI^^V,,,) " ^ {ai.PL^f , (50) 

where (a, /3) must be replaced by {d, s), (ci, 6), (s, 6) and (m, c) for the i^'" — B^ — B^, 
-Bg — -B° and — systems, respectively, and Vl must be replaced hy Ul for the 
neutral — Z)° system. The family index j = 1, 2, 3 refers to the family of quarks to 
be singled out as transforming differently under SU{4:)l. 

If we assume that the heaviest family of quarks is the one transforming differently, 
the effective Hamiltonian gives the following contribution to the mass difference Amx 



AmK _2V2G^ , Ml^ 



Rem,,VL,sr]mT^BKfk. (51) 



while for the B^ — B^, B^s ~ and — systems, we have 



^-^^\yi^Msj^B.fl (52) 



^ = 3 l^^3«Vi3c| r^z)^ - 



Vl,uVL,cVriDT^Br>f'n. (53) 

Zz 



where the subindex B in (!52l) stands for B^ or Bg. B^ and fm ijn = K, B^, Bg, D) are 
the bag parameter and decay constant of the corresponding neutral meson. The 77's are 
QCD correction factors which, at leading order, can be taken equal to the ones of the 
SM 127], that is: rjK ^ Vd ^ 0.57, rjB^^ = ^ 0.55 [2B]. 

In order to obtain limits on M^g from the former equations, two remarks are in 
order: (1) it is well known that the complex numbers Vlij and ULij cannot be estimated 
from the present experimental data. We overcome this obstacle by assuming the Fritzsch 
ansatz for the quark mixing matrix [29j, which implies (for i < j) Vnj = \Jrni/ rrij , and 
similarly for Ul [30j (CP violating phases in the mixing matrices will not be considered 
here) ; (2) the contribution of the exchange to the mass differences is not the only one. 
Several sources may also contribute to them and it is not possible to disentangle the 
Z2 contribution from other effects. Because of this, several authors consider reasonable 
to assume that the Z2 exchange contribution must not be larger than the experimental 
values [25]. In this work we will assume that this is the case. We must notice, however, 
that more conservative but rather arbitrary criteria have been used by other authors 
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Table 6. Values of the experimental and theoretical quantities used as input 
parameters for FCNC processes. 





Value 


Reference 


ArriK [GeVl 

±\ |_ J 

niKO [MeV] 

[McV] 


3.483(6) X 10-15 
497.65(2) 
143(7) 


IH 

1 i 

m 
m 


ms, [GeV] 
/b.^Bb, [MeV] 


0.508(4) 
5.2794(5) 
214(38) 


IH 

1 i 

m 
m 


Ams, [ps^^] 
ms^, [GeV] 
Ib^^Bb, [MeV] 


17.77(12) 
5.370(2) 
262(35) 


m 
m 


AmD [ps ^] 
m£)0 [GeV] 
fnVBE [MeV] 


11.7(6.8) X 10"^ 
1.8645(4) 
241(24) 


[55] 
M 

m 


m„(Mz) [MeV] 
m^{Mz) [MeV] 
mt(Mz) [GeV] 
md(Mz) [MeV] 
ms{Mz) [GeV] 
TO,,(A//z) [GeV] 


9 OO+0.42 

677t^^ 
181 ± 13 

3.00 ±0.11 


m 



With these ingredients, we obtain bounds on Mz^ by using updated experimental 
and theoretical values for the input parameters as shown in Table El For each neutral 
meson system, the results are 

K'^-K^ : Mz^ > 2 AO TeV, 
5° - 5° : Mz, > 6.65 TeV, 
5° -5° : Mz, > 6.19 TeV, 

D^-D° : Mz, > 0.16 TeV. (54) 

This shows that the strongest constraint comes from the B'^ — system, which 
poses a lower bound on Mz^ larger than 6.65 TeV. 

A detailed analysis shows that the constraints in (l54l) are family dependent in 
the sense that their values change according the family of quarks chosen as the one 
transforming differently under SU{A)l. When the first or the second family are chosen, 
the strongest constraint on the lower bound on M^g comes from the — system 
and turns out to be larger than ~ 75 TeV [36] . 

5. Summary and conclusions 

In this work, in the context of the extension of the SM based on the gauge group 
SU{3)c ® SU{4:)l ® U{l)x, which predict the existence of two extra neutral gauge 
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bosons Z' and Z", we have set bounds on the mixing angle 6 between the SM gauge 
boson Z and the new Z', and on the masses of the new physical eigenstates, namely: 
Z2, which arises from the diagonalization of the Z — Z' mass matrix, and Z" = Z3 which 
becomes a mass eigenstate with Mf^ = {gl/2){V'^ +v'^) when the conditions V^' ~ and 
f ' ~ w are fulfilled. V', V, v' and v are the vacuum expectation values of four Higgs 4*- 
plets used to break the symmetry. We have assumed the hierarchy ~ >> t>' ~ f , 
and from the mass of the lightest charged gauge boson M^± = {g1/2){v'^ + v'"^), that 
can be identified with the SM W boson, we have obtained V v'"^ + f ^ ~ fEw = 174 GeV. 
The other charged gauge bosons in the model acquire masses at the large scale V' ~ V . 

We have studied a version of the 3-4-1 extension characterized by the values 
6 = 1, c = —2 of the parameters appearing in the electric charge operator in ([1]), with 
fermion content without exotic electric charges and with anomalies cancelling among 
the fermion families in a non-trivial fashion. This method of cancellation of anomalies 
leads to a number of fermion families Nf that must be divisible by the number of colours 
Nc of SU{2i)c, being Nf = Nc = 3 the simplest solution. In this last case universality in 
the lepton sector is preserved, but one family of quarks must transform differently than 
the other two under SU{4:)l ® U{l)x- This fact leads to FCNC arising at the tree-level 
and transmitted, in the model studied here, by the neutral gauge bosons Z^. 

The limits on the parameters 6 and have been obtained by doing a fit of 
the theoretical predictions of the 3-4-1 model, for 22 precision electroweak observables, 
to the experimental data at the Z-pole from LEP and SLAG Linear Collider and atomic 
parity violation data. We have obtained: -0.00034 <e < 0.00294 and Mz^ > 802 GeV. 
These bounds correct the ones reported in [5]. The mass of the additional new neutral 
gauge boson Z3 has been constrained by using experimental data from neutral meson 
mixing in the study of the FCNC effects associated to quark family nonuniversality. 
For the calculation we have assumed the Fritzsch ansatz for the quark mixing matrices 
and we have taken complex phases equal to zero. In this way we have found that the 
strongest constraint comes from the — system, which poses a lower bound on 
Mzg larger than 6.65 TeV. It must be however recognized that the bounds from neutral 
meson mixing are obscured by the lack of knowledge of the entries in the quark mixing 
matrices and by the rather arbitrary assumed contribution of the Z3 exchange to the 
mass differences in the neutral meson systems. 

We also have done a comparison between the predictions of the 3-4-1 model studied 
here and the predictions of the SM for the 22 observables mentioned above. We have 
found that the 3-4-1 model fits the data at least as well as the SM does. 

We have forbidden mixing between ordinary and exotic fermions, which in turn 
avoids violation of the unitarity of the CKM mixing matrix, by introducing an anomaly 
free discrete Z2 symmetry under which the SM particles are singlets. This symmetry, 
combined with the four Higgs scalars, generates a consistent charged fermion mass 
spectrum with the ordinary charged fermions acquiring masses at the low scale ~ f 
and with the exotic charged fermions getting masses at the high scale V ~ V. The 
neutral leptons remain massless after the symmetry breaking. Notwithstanding, the 
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extension of the original scalar sector in Q and the inclusion of neutral fermions, singlets 
under SU{4:) l and with zero X charges, can accomodate neutrino phenomenology in the 
model [T6] . 

3-4-1 models in the b = 1, c = —2 class, as the one studied in this paper, have 
the particular feature that, notwithstanding two families of quarks transform differently 
under the SU{4)l subgroup, the three families have the same hypercharge X with 
respect to the U {l)x subgroup. As a consequence, the couplings of the ordinary fermion 
fields to the neutral currents Zi and Z2 are family universal. Thus, the allowed region 
in the parameter space 6 — Mz^ and the lower limit Mz^ > 0.802 TeV do not depend on 
which family of quarks transforms differently under the gauge group. Since FCNC are 
present for this Model in the left-handed couplings of ordinary quarks to the gauge 
boson, the contribution of the Z^ exchange to the mass differences in neutral meson 
systems produces family-dependent constraints on the Z^ mass. The detailed study in 
[36] shows that the third family of quarks must transform differently in order to get the 
smallest lower bound on Mz^ which, as said above, comes from the — system 
and turns out to be Mz-^ > 6.65 TeV. Since Mf^ = {gl/2)(y^ this is also a lower 

bound on the scale of breaking of the 3-4-1 symmetry. So, the heaviest family of quarks 
must be the one transforming differently if we want to end with a 3-4-1 scale of the order 
of a few TeV and, consequently, with a model able to be tested at the LHC facility. 

By contrast, for 3-4-1 models in the b = c = 1 class, anomaly cancellation between 
generations implies not only a family of quarks transforming differently than the other 
two, but also a nonuniversal hypercharge X for the left-handed quark multiplets (for 
details see [SI [8]). So, the couplings g{f)iv and g{f)iA ii = 1,2) of ordinary fermions 
to the neutral currents Zi and Z2 are family dependent, which implies that in this case 
the allowed region in the parameter space 9 — M^^ depends on which family of quarks 
transforms differently under SU{A)i ® U{l)x- The analysis leads to the conclusion 
stated in [36] according to which, also in this class of models, the third family of 
quarks must transform differently in order to have a lower bound on Mz2 as low as 
possible, which turns out to be 2 TeV. Moreover, in this class of models the left-handed 
couplings of Z2 to the SM quarks are flavour nondiagonal which induces tree level FCNC 
transmitted by this extra neutral gauge boson. As shown in [6] , the constraints coming 
from FCNC data are also family- dependent and, provided the heaviest family of quarks 
transforms differently, they raise the lower limit on obtained from the fit to Z-pole 
observables (2 TeV), to a value larger than ~ 12 TeV. Bounds on the mass of Z" = Z^ 
are not obtained because this current couples only to exotic fermions and thus decouples 
completely from the low energy physics. 

The former considerations allows us to conclude that the b = 1, c = —2 class of 
3-4-1 models are favoured in the sense that they provide the smallest lower bounds on 
Mz2 and M^g which are in the range (1 — 10) TeV and, consequently, they have a better 
chance to be tested at the LHC or further at the ILC. 

The particular conditions under which new heavy resonance peaks possibly 
occurring at the LHC (for example in Drell-Yan dilepton production) could be identified 
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as having their origin in the class of 3-4-1 models studied here, deserve attention and 
will be discussed elsewhere. 
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